Selected microbial parameters were monitored in sediments from a pristine and an oil-field salt marsh. Although numbers of hydrocarbonoclastic bacteria and fungi were significantly greater in the oil field, the values did not show a strong correlation with levels ofhydrocarbons (r = 0.43 and r = 0.49, respectively). However, a high correlation was noted between ratios of hydrocarbonoclastic and total aerobic heterotrophic bacteria and levels of hydrocarbons as well as the relative concentration of hydrocarbons (ratio of hydrocarbons to chloroform extractables) (r = 0.87 and r = 0.77, respectively). Data suggest that this first ratio is a more valid microbial indicator of hydrocarbon abundance than other factors examined. Significant differences in the ratio ofpigmented to total colonyforming units, the ratio ofdifferent to total colony-forming units, and the diversity index were noted between the natural and oil-field marsh. It is suggested that the presence of hydrocarbons alters the relative abundance of the most predominant aerobic heterotrophic bacteria.
Bacteria have been used as indicators of atypi-i cal or abnormal environmental conditions for many years. Probably the best-known indicators are the coliform group, used to reflect the presence as well as quantity of fecal pollution (9) . Although other groups ofbacteria have been suggested as indicators of pollution, only with recent concern for petroleum contamination has consideration been given to indicators of hydrocarbon levels. Walker and Colwell (12) have demonstrated that the numbers of petroleumdegrading microorganisms in waters and sediment ofChesapeake Bay were related to concentration of oil present. Likewise, findings of other workers have supported the concept of using hydrocarbonoclastic microorganisms as indicators of hydrocarbons (10, 11) . Although Cobet and Guard (3) found no noticeable alteration in the genera of bacteria of beach sands exposed to bunker fuel, other reports indicate that certain microbial changes occur in soils after the introduction of oil or oil products (1, 4). Therefore, it was the purpose of this study first to examine the validity of hydrocarbonutilizing microorganisms as indicators of petroleum levels in the estuarine environment, and second, to examine the effects of hydrocarbons on the aerobic heterotrophic bacterial community structure within a marsh exposed to long-term oil contamination. I 7 days of incubation at 22 C. The most-probable-number technique as described by Gunkel (7) in the three-tube series was used for quantitative determination of hydrocarbonoclastic bacteria and fungi. One milliliter of the appropriate dilution was placed into (most probable number) tubes containing basal medium and 0.1 ml of Louisiana crude oil. The basal broth consisted of 750 ml of seawater, 250 ml of distilled water, 0.5 g of NH4Cl, 0.5 g of K2HPO4, and 0.5 g of Na2HPO4.
The pH of the medium was adjusted to 7.6 or 4.5 for detection of hydrocarbonoclastic bacteria and hydrocarbonoclastic fungi, respectively. The tubes were incubated at 22 C on a culture roller drum (New Brunswick, model TC-6) at 90 rpm for 30 days. Positive tubes were determined by observation of growth after addition of acid (to dissolve the salts) and by emulsification of the oil. The ratio of hydrocarbonoclastic to total aerobic heterotrophic bacteria was obtained by dividing the number of hydrocarbon utilizers per gram (wet weight) of sediment by the number of aerobic heterotrophic aerobic bacteria per gram (wet weight) of sediment.
Plates (containing 30 to 300 colonies) were reincubated at 22 C for an additional 7 days. The plates were then incubated for 24 h at 4 C, and those colonies exhibiting pigmentation were counted. At this time pigmentation was at a maximum and differences in colony types were discerned. The ratio of pigmented to total CFU was calculated for each plate. In addition, each developed colony that exhibited a distinctly different colony morphology was enumerated and the ratio of different CFU to total CFU was determined for each plate. Diversity index. Dilutions of the sediments were prepared and 0.1-ml aliquots were placed on the surface of marine agar 2216. The aliquots were evenly spread on the surface of the medium with a sterile hockey stick. The dilutions were prepared such that the number of developing CFU was between 30 and 70 colonies for ease of colony type determination. Colonies that exhibited similar characteristics, in terms of colony shape, form, edge, pigmentation, tint or hue, translucency, transparency, opaqueness, and type of aerical growth, were counted. All similar colony types were thus placed into distinct colony groupings. The index as described by Wilhm and Doris (13) was used to express the bacterial diversity based on colony characteristics. The formula used was as follows: diversity index = -X (NJN) (log2 Nj -log2 N), where N is the total number of individuals or total number of colonies, and Ni, the number within the ith species or the number of colonies within the ith colony type.
The diversity index was calculated for each plate.
A program was designed for the diversity index and the latter was calculated (six replicates per sample). Certain assumptions made in the use of this index should be elucidated. First, it was assumed that two similar species of bacteria will exhibit comparable colony morphology under defined conditions, and, conversely, that two different species of bacteria will exhibit different colony types. It was therefore assumed that each colony type represented a distinct bacterial species. Obviously, there are certain fallacies in this assumption. For example, crowding may result in similar species showing slightly different colony forms. To avoid this, plates with uneven colony distribution were discarded. Also, different bacterial species may show similar colony types. Little can be done to avoid this phenomenon.
Statistical analysis. Significant differences were identiied with the t test for differences between two independent means as described by Bruning and Kintz (2) . Linear regression analysis was performed with a prewritten computer program on a HewlettPackard calculator (model 9100). The program is based on the method described by Freund (6). Table 1 presents the levels of hydrocarbons in the two salt marsh sediments. Although there was considerable variation within sample periods, the concentrations of hydrocarbons in the pristine environment were lower (average of 0.1835 mg/g of dry sediment) than those in the oil field (average of 0.5456 mg/g ofdry sediment). Statistical analysis ofthe data revealed a significant difference between levels of hydrocarbons in the undisturbed marsh and the oil-field marsh at the 95% level ofconfidence. The ratio ofhydrocarbon levels to total lipids (chloroform extractables) within the two environments appears to be a more consistent indicator of hydrocarbons. The relative levels of hydrocarbons in the pristine salt marsh consistently were less than 7.0%. Statistical analysis showed a significant difference between the environments at the 99% level of confidence.
RESULTS
Data on heterotrophic aerobic bacterial populations are given in Table 2 . The difference between the bacterial biomass of the two environments was significant only at the 50% level of confidence. Numbers of hydrocarbon utilizers (bacteria and fungi) are presented in Table 3 . Statistical analysis showed that a significant difference occurred between the hydrocarbonoclastic bacteria in the pristine and stressed marsh at the 99% level of confidence, whereas the hydrocarbonoclastic fungi in the two marsh types were significantly different at the 50% level of confidence.
The ratio of hydrocarbonoclastic bacteria to total bacteria appears to be a more consistent and valid indicator than the absolute number of hydrocarbonoclasts ( Table 4 ). The average ratio of hydrocarbonoclastic to total bacteria for the pristine marsh was 4.8%, whereas the oil-field sediment showed an average ratio of 13.5%. Regression analysis revealed a high correlation between concentrations of hydrocarbons and the hydrocarbonoclastic to total bacteria (r = 0.87) and the relative amounts of hydrocarbons (ratio of hydrocarbon levels to extractable lipids) to the ratio of hydrocarbonoclastic to total bacteria (r = 0.77). In contrast, low correlations were observed between levels of hydrocarbons and the absolute number of hydrocarbonoclastic bacteria and fungi (r = 0.43 and r = 0.49, respectively). The average relative abundance of hydrocarbonoclastic and chromogenic bacteria clastic fungi do not exhibit a strong correlation with levels of hydrocarbons. However, the ratio of hydrocarbon-utilizing bacteria to total bacteria showed a high correlation with both the absolute levels of hydrocarbons and the relative levels of hydrocarbons. Because of the strong correlation, it is suggested that this microbial ratio is a more valid indicator of hydrocarbon abundance.
In addition to the significant differences in the relative abundance of hydrocarbonoclastic bacteria within each marsh type, two other microbiological characteristics based on CFU were observed. First, the ratio of chromogenic to total bacteria was significantly higher in the pristine marsh than in the oil field. Secondly, the ratio of different CFU to total CFU was lower in the pristine marsh. At this time, the ecological significance of chromogens is unknown. Likewise, the significance of the higher number of different colony types within the oil-field marsh is unknown, but these data support the concept that each environment is composed of a distinctly unique microbial community structure.
The presence of crude oil has been shown to decrease the relative concentrations of cellulolytic bacteria in salt marsh ecosystems (4). This shift from an ambient population based on cellulose to one based on hydrocarbons may reflect a system that contains a wider range of habitats or microbial niches.
Application of the diversity index revealed that the oil-field marsh exhibited a higher numerical value than did the pristine marsh. Wilhm and Dorris (13) first used this index to describe the diversity of macrobenthic communities. They defined a diversity index of less than 1.00 as indicative of a stressed environment. In contrast, a value exceeding 3.00 was evident ofa natural balanced system. It is a well- VOL. 30, 1975 documented ecological principle that stress decreases the diversity of autotrophs and most higher organisms. Ifbacterial populations follow this same trend, then it is entirely possible that the levels of hydrocarbons present in the oil field represent a nutrient enrichment where less-recalcitrant organic carbon may be limiting.
The important point is that a difference between the two environments was noted when this diversity index was applied. The use of colony morphology as the criterion for bacterial diversity has certain inherent limitations. Among these are the subjectivity ofwhat constitutes either a distinct or a similar colony type, the difficulty in enumerating colony types, the weakness of the assumption that each similar colony type represents a similar bacterial species or that each distinct colony type represents a different species, and the applicability of this characteristic to other environments. However, the concept of a numerical index to describe the bacterial community structure may be a valuable tool in detecting environmental perturbations. Perhaps other mathematical indexes can be developed and applied for use in monitoring environmental changes.
